The convolutions of the cerebral cortex are difficult to describe and delineate. Our understanding of the development of the brain and its associated maldevelopment would be assisted by quantitative analysis of the cortex. Volumetric magnetic resonance (MR) imaging provides high-resolution anatomical data from which we can reconstruct the white matter as a three-dimensional object and extract its surface (the grey/white matter interface). Threedimensional fractal analysis of this surface is a method of quantifying the surface complexity dependent upon the variation of the surface area under different scales of inspection. We estimate the fractal dimension of the white matter surface for each hemisphere and 10 coronal blocks of each hemisphere in 30 normal adult subjects. These values are tightly distributed and have been used to define a normal range of fractal dimensions. Abnormal fractal dimensions were found in 8/16 subjects with epilepsy and a gyral abnormality observed on routine MR imaging; and in 9/23 subjects with epilepsy and normal routine MR imaging. These analytical techniques offer additional information about the structure of the cortex in normal brains and about abnormalities of structure in subjects with suspected but unobserved structural abnormalites.
Introduction
The convolutions of the cortex in the human cerebrum defy quantitative description. Although many of the gross features are recognizable and are comparable between subjects there is considerable variation in the smaller gyri (Ono et al, 1990) . Our understanding of the cortical patterns is often qualitative and where quantitative analysis has been applied it relies upon time-consuming post-mortem studies. An understanding of the gyrification process is of interest in the study of human evolution and in the definition of normal development with subsequent reference to the abnormal development. Numerous developmental disorders, e.g. epilepsy and cerebral palsy, are characterized by disruption of the normal gyral pattern. The advent of high-quality volumetric magnetic resonance (MR) imaging has enabled these developmental abnormalities to be observed where they were previously unseen (Li et al, 1995) . Clinical, electroencephalographic and histopathological evidence suggests that these abnormalities may be the underlying cause of many cases of apparently cryptogenic epilepsy. However, many such abnormalities are subtle in appearance and their extent is difficult to quantify. We are interested in quantitative analysis of these abnormalities to improve our understanding of their location and prevalence. The use of MR imaging data enables us to study the living brain rather than a histologically prepared post-mortem specimen with the limitations that imposes. In theory there are no restrictions upon the numbers of subjects or their age for whom we can acquire imaging data and studies can be repeated to test variations inherent in the acquisition and analysis process.
Many natural structures exhibit self-similarity over a specified and limited range of scales, enabling them to be described by a fractal dimension (Mandelbrot, 1982) . The use of a fractal dimension to describe the convolution of a line or surface is well established in some areas of biomedical research. Workers have looked at the complexity of ferret retinal ganglion cells (Wingate et al, 1992) , vertebrate central nervous system neurons (Smith et al, 1989 ) and human cerebellar Purkinje cells during development and pathological processes (Takeda et al, 1992) ; the blood flow distribution of the human cardiovascular system (Glenny et al, 1991) ; the inner lung surface (Weibel, 1991) ; and the fractal dimension of the outer cortical surface in the human brain (Majumdar and Prasad, 1988; Chuang et al., 1991) . Majumdar and Prasad (1988) reported the analysis of MR images from 65 subjects. They reported a mean fractal dimension of 2.60 ± 0.05 for the entire external cortical surface of their normal subjects. However, there is little information about the MR acquisition sequence used or of the image-editing technique used to define the structure of interest. The fractal dimension arises from two-dimensional analysis of an unspecified number of slices through the cerebrum, on the assumption that the cerebrum is isotropic and a surface fractal dimension can be defined from the linear analysis by adding 1. Chuang et al. (1991) disputed this assumption and provide a direct three-dimensional analysis of one study of one fixed brain specimen with a fractal dimension of 2.20. However, they did not offer any details of the MR acquisition sequence, the handling of the brain specimen or the interpolation process which they used to calculate the fractal dimension. The latter may have significant effects upon the estimate of fractal dimension.
We suggest that the fractal dimension descriptor may offer quantitative information about the convolution of the cortex, and that abnormalities of the cortex manifest either as simplification or complication may be revealed by changes in the measured fractal dimension. To estimate the fractal dimension, the structure of interest has to be segmented from the MR images. However, there are difficulties in defining the external grey matter surface because of the abuttal of gyri and subsequent difficulty in correctly delineating the outer convoluted surface. For this reason we have considered the fractal dimension of the white matter surface or the grey/white matter interface as a disturbance of convolution in the cortex may be reflected here. Previously we have looked at this interface in several selected slices of the original MR data (Cook et al, 1992 (Cook et al, , 1995 . Fractal analysis was performed manually by overlaying a grid upon the grey/white interface in the single slice and counting the intersection of the interface with the grid. The fractal dimension was estimated from a sequence of counts for different grid sizes. A normal range for the fractal dimension in these slices was obtained from measures on 20 control subjects. In 9/16 patients with cryptogenic epilepsy a fractal dimension <3 SD below the mean for the controls was observed, suggesting a loss in the complexity of the grey/white interface in these subjects. This technique has also been applied in a study of schizophrenic and manic-depressive patients in which the latter patient group were found to have significantly greater values of residual fractal dimension after controlling for the effects of brain size (Bullmore etaL, 1994) . Our experience of the time-consuming nature of this two-dimensional analysis has led us to automate the analysis and extend it to three dimensions. This enables us to consider the entire white matter surface, extracted with high resolution from MR volumetric data, and to consider portions of that surface.
Materials arid Methods
The fractal description of a structure depends upon the variation in the metrics of the structure with respect to the size of the measuring elements which derive the metrics. Richardson discovered that the length of the coastline of Britain increased as the size of measuring calliper decreased instead of tending to a single 'true' value (Mandelbrot, 1986) . This was because the smaller callipers identified more of the finer detail along the contour. If the contour has properties of self-similarity over a range of scales, then the relationship between the measuring element, h, and the metric estimate, N(K), over that range of scales can be defined by:
(1) where D is the fractal dimension and K is a constant. The fractal dimension was found to be constant for a particular coastline and represents a measure of the degree of convolution or complexity of the coastline contour. It is a fractional dimension which is greater than the topological dimension for the structure of interest.
Our previous two-dimensional fractal analysis used the box-counting method for estimating the fractal dimension (Cook et al, 1992 ) and this technique is dependent upon minimizing the number of boxes overlaying the structure for each grid size (Barnsley, 1991). In our previous work this was done by visual inspection and manual adjustment of grid position However, for the three-dimensional analysis this condition requires the testing of numerous grid placements as the minimal position cannot be predicted. The computational constraints this entails suggested the use of an alternative and intuitively more appropriate analytical technique using morphological operators. Flook (1986) used circular disk operators of different sizes to dilate the outline contours of particles. An estimate of the length of the contour is obtained by dividing the area of the dilated contour by the diameter of the measuring element used for the dilation (see Fig. Id) . As the size of the measuring element decreases, the degree of overlap of the disks decreases and the estimate of contour length increases (see Fig. lb) . Thus a similar relationship between the contour length estimate and the measuring element exists as in equation (1). This can be directly extended to a surface, with the dilation process producing an object with a specified volume. When divided by the structuring element diameter, an estimate of the surface area is obtained. Similar principles of increase in area estimate apply as smaller structuring elements are used.
It is only when the relationship in equation (1) is linear over a range of scales, or values of h, that a unique gradient can be obtained from which the fractal dimension is derived. At the size limits of the measuring element, the linear relationship is no longer maintained and a unique fractal dimension cannot be defined. In practice, the limits are close to the digital resolution of the image, or at sizes greater than one-third the maximal diameter of the object (Kaye, 1989 ).
Imaging and Segmentation
Thirty neurologically normal subjects were imaged, 20 males and 10 females. Their age range was 20-53 years, with a mean of 27 years; 24 controls were right-handed and handedness data was unavailable for one subject. Thirty-seven subjects with cryptogenic epilepsy were imaged, 20 males and 19 females. All subjects were imaged on a Signa 1.5 T MR scanner (General Electric, Milwaukee, USA). A spoiled gradient echo volumetric sequence was acquired for all subjects with the following parameters: 7E 5 ms, flip angle 35°, 7R 35 ms, 1 NEC, acquisition matrix 128 * 256, FOV 24 cm, 124 contiguous slices of thickness 1.5 mm. The volume was acquired in the coronal plane. Additional diagnostic MR scans were obtained to detect unsuspected pathologies. All scans were normal in the control subject group. The study was approved by the ethics committee of the National Hospital.
The data was transferred from the Signa to an independent imaging workstation (Allegro, ISG Technologies, Canada) to segment the white matter surface. This entailed a data conversion into a common format with an interpolation to a 512 cubic matrix for the volume study. Segmentation is achieved via a semi-automated process with the user defining a threshold range visually to include the feature of interest. In this application the threshold was set to include the white matter alone, with the edge of the thresholded region thereby defining the grey/white matter interface. With a set threshold the user then seeds an image in a region known by the user to represent white matter. The software generates a connected two-dimensional region concordant with the intensity range defined. This region can be manually edited to remove undesired regions, e.g. the brain stem. Additional seeds can be added to include regions of white matter isolated due to the plane of the image. Threshold levels can be changed until the user is satisfied with the best approximation to the white matter in any particular slice (see Fig. 2 is performed on the original data (A) for each measuring sphere 05) separately such that the resulting dilated object C is defined by:
When the white matter has been defined on every appropriate slice, a three-dimensional object is generated from the defined areas (see Fig. 3 ). The surface contours of this object are extracted from the software and regenerated as surface contours on a Sun SPARC 10 (Sun Microsystems Inc., California, USA). It is these slices, representing the white matter surface, which are supplied to the fractal analysis programme.
An expert observer is necessary to identify the appropriate anatomical landmarks for the segmentation. To ensure reproducibility of the segmented structures before measurements are obtained, multiple segmentations were performed. Threshold levels for the segmentation of the white matter were repeated on four close but separate occasions for three subjects and on two widely separated occasions for 17 subjects, ultra-observer validation of white matter volume was considered by the repeat measurement of five subjects on four separate occasions. For comparison of inter-observer variability in the white matter volumes a second observer segmented eight of the same subjects and the white matter volumes and surface areas were compared. In four of these subjects, including one patient, the fractal dimensions were calculated for a segmentation by the two different observers.
To test the sensitivity of the fractal analysis some modified white matter objects were generated for one control subject in one hemisphere. The white matter segmentation proceeded as stated above and a white matter object was generated. The seed regions in several slices in two different locations in the hemisphere were then manually altered by the removal of some portions of the white matter digitations. Four additional white matter objects were generated from these altered regions of interest: one with a localized removal, non-visible to the observer after reconstruction; one with localized removal, sufficient to be observed on the reconstruction; one with a global removal of end points of the digitations but not visible on the reconstruction; and finally an object with a global removal which was visible in the white maner reconstruction. The maximum volume loss in the hemisphere was 30% for the global visible modification.
Fractal Analysis
The estimate of fractal dimension requires us to estimate the surface area of the white matter at different scales. The fractal analysis software sucks the contour slices in the appropriate anatomical order to generate three-dimensional blocks of white matter surface area. Left and right hemispheres are considered separately. Five different size dilation operators are used which are approximate spheres with diameters of 3, 5, 7, 9 and 13 voxels. A three-dimensional morphological dilation operation Statistical analysis of the data was carried out using the SPSS statistics package (SPSS/PC+ version 4.0.1. SPSS Inc., Chicago, USA).
Results
The Pearson correlation coefficients for the threshold level on different occasions for the same subject, by one observer, were 0.99 or greater. The mean difference of the threshold between observers was 2.4% with a range of 0-6%. For the intra-observer analysis, the ratio of the smallest white matter object volume to the largest was always >95% with a mean of 97%. The fractal dimensions within blocks were compared between five different segmentations of four subjects by the same observer, with a mean difference of 0.008 for all blocks. For inter-observer analysis, eight subjects were compared by two observers. The mean of the ratio of smaller to larger white matter volumes was 94%, with a mean of 96% for the surface areas. The mean difference in fractal dimensions between different segmentations was 0.012. The two end blocks, i.e. at the anterior and posterior poles of the brain, showed the greatest variation between different observers.
The relationship between surface area and dilation structuring element diameter is shown in Figure 5 for one subject, from which a fractal dimension of 2.34 was estimated. The adjusted r 2 value for this regression is 0.998. As an example,
Calculation of fractal dimension
In (rarfac* area of Mock) Figure 4 . Dilations of the white matter surface with a small and a large measuring element.
for one subject the adjusted r* value was not less than 0.96 through all 10 blocks, with a mean value of 0.98. Fractal dimensions for each entire hemisphere for the 30 subjects are shown in Table I . The values are remarkably similar between subjects with a coefficient of variation of <0.5%. To investigate the local variation throughout the cerebrum, fractal dimensions were also generated for coronal tenths of the left and right hemispheres. The mean, standard deviation and range for these values with respect to position are also shown in Table 2 . The fractal dimensions between left and right for the whole hemispheres are symmetric (Mest, P < 0.05). The distribution of the fractal dimension varies across the cerebrum, with higher values at the poles with respect to the central portions. The variation in fractal dimension within blocks is low, with a range in the coefficient of variation from 0.4% in the central blocks to 1.5% at the most anterior block. There was no significant difference between the values for the sexes. The surface area was estimated by voxel counting for each block of the white matter object in one subject. There was no significant correlation between the surface area of a block and the fractal dimension for the block, indicating that the fractal dimension measure is measuring some other feature of these objects, i.e. the complexity across a range of scales. The fractal dimensions were normally distributed for all blocks. A normal range was Table 2 Mean and standard deviation of fractal dimension in coronal tenths of white matter surface area defined within 3 SDs either side of the mean for the normal subjects. Two subjects had a single block value outside this normal range. Noting the symmetry between left and right, the mean and standard deviation in the difference between left and right fractal dimensions was calculated for each block. The maximum of the mean differences was 0.02. A normal range for the difference in fractal dimension between blocks was defined Cerebral Cortex Nov/Dec 1996, V6N6 133 within 3 SDs either side of the mean for the normal subjects. None of these subjects had an abnormal difference in any block.
The modified white matter objects from one subject were analysed in the same manner as the other data. The objects were divided into coronal tenths regardless of the locations of the modifications, hi fact one modification fell within one block (block 4) and the other region of modification straddled two blocks (blocks 7 and 8). Fractal dimensions for the modified blocks and their surface areas are shown in Table 3 . An additional block, of the same extent as the others, was defined to encompass just the modified region, i.e. including the latter half of block 7 and the front half of block 8. All of the modifications involved removal of parts of the original structure, resulting in a 'smoother' outline. As would be expected, the ratios in Table 3 indicate reductions in fractal dimension or surface area in comparison with the unmodified data. The reduction in values is greater for the block straddling blocks 7 and 8 than for block 7 alone. The changes • in fractal dimension are minimal in comparison with the changes in surface area. The reduction in fractal dimension is greater for a visualized modification than for a non-visualized modification. The reduction in fractal dimension is greater for a global modification than for a local modification. The non-visualized global modification has similar fractal dimension and surface area reductions as the visualized local modification. The global modification is more likely to alter the overall shape and complexity than a localized smoothing. Both of the global modifications for block 4 result in fractal dimensions which are outside the normal range defined above.
Sixteen subjects with cryptogenic epilepsy had a gyral abnormality observed on routine MR imaging. Eight of these subjects had abnormal absolute or difference fractal dimensions, or both, when compared to the control group. In three of the eight subjects there was only one abnormal block. These abnormalities are congruent with the visual definition of the abnormality in seven cases, but in three subjects there are additional abnormal fractal values outside the region of observed abnormality.
Twenty-three subjects with cryptogenic epilepsy had no abnormality observed on the routine MR imaging. In nine of these subjects an abnormality was observed on threedimensional reconstruction, though it was not visible on two-dimensional inspection. Three of the nine subjects with a visually observed gyral abnormality in a three-dimensional reconstruction had fractal abnormalities when compared to the control group; in two of these subjects the fractal abnormality coincided in part with the visual abnormality. An additional six of these 22 subjects had abnormal absolute or difference fractal dimensions, or both. In four subjects only one value (out of 30) was abnormal.
Discussion
The white matter surface can be reliably extracted from high-quality MR volumetric images via a semi-automated process which gives low intra-and inter-operator variability. The white matter surface can be described by a fractal dimension over a narrow and specified range of scales. The fractal dimension does not correlate with the external surface area of the white matter in the same region, indicating that this measure is not a duplicate for the surface area but is measuring a different property of the structure, i.e. the complexity of the surface. The fractal dimension has a narrow range of values among our normal subject group and the variation between neurologically normal subjects is much less than the variation of volumes of grey and Vis. visualized; NVis, non-visualized; FD. fractal dimension; SA. surface area.
All values are the difference between the value of FD or SA for the specified modified block and the value for the same block from the original unmodified data.
white matter between normal subjects (Sisodiya et al, 1995) . Although our visual interpretation of the grey matter surface variations between subjects suggests that the location of named gyri can vary significantly, the small variation in fractal dimension of the grey/white matter interface suggests that the overall complexity of the overlying cortex is stable between normal subjects. The small differences in fractal dimension between different segmentations of the same subject suggest that this measure is stable when a standardized and reliable segmentation protocol is used.
In our study group there were no differences in fractal dimension between the sexes. Other studies of quantitative cerebral measures have found differences between the sexes in the area of the planum temporale (Kulynych et al, 1995) , the morphology of the Sylvian fissure (Witelson and Kigar, 1992 ) and the area of the corpus callosum (Steinmetz etal., 1992) . Objects with different structural appearances may have the same fractal dimension measure. The latter tells us about the complexity of the surface-it indicates that the surfaces measured have similar or different complexities, but does not tell us whether they are the same or different surfaces when compared by other measures. Therefore some scaling measures, e.g. length of the Sylvian fissure, will not affect the fractal measure. Only if the shape of the fissure is altered to increase its complexity, e.g. if it was looped back on itself several times, could the fractal dimension be altered. The fact that some measures reveal hemispheric asymmetries and some do not does not necessarily invalidate either measure. These measures are considering different aspects of the structure. As the cortex is such a complex structure it is unlikely that any single measure will characterize the cortex in its entirety and only with several measures can a more complete description be reached.
Volume studies of the cerebral tissue have consistently found that the cerebral structures of males are larger than those of females but that these differences disappear when volumes are normalized to account for the difference in size of males and females (Blatter et al, 1995; Sisodiya etal, 1996) . Filipek et al (1994) reported only significant differences in white matter volume between the sexes, suggesting that one might expect differences in cortical folding because of different proportions of grey and white matter. However, grey matter volumes in that study were also different but not significantly so, and the proportions of grey and white matter were similar in both sexes. Our recent study, using almost the same control group as studied in this paper, found significant differences in the grey and in the white matter volume, with similar grey/white matter proportions for each sex (Sisodiya et al, 1996) . The age range of our subjects was not sufficient to allow an interpretation of variations at different ages. However, development of the human brain is characterized by the increasing complexity of the gyral pattern (Armstrong etaL,\995), and we may expect increases in fractal dimension during development. This has been observed in the growth of rat optic nerves (Smith etal, 1991) and conversely the association of loss of complexity with increasing age was discussed by Lipsitz and Goldberger (1992) .
The variation in fractal dimension is minimal when the entire hemisphere is considered but a narrow range of values are still observed when the surface is subdivided in tenths. The changes in fractal dimension resulting from modifications of the white matter in one subject also indicate the possible improvement when more localized techniques are used. When a block is defined to encompass the region of modification there is a greater reduction in the fractal dimension in comparison with the original than when the modified region straddles two of the original blocks.
There is a high degree of symmetry in the fractal dimension between the right and left hemispheres. Symmetry has been noted in other measures of the cerebrum and has recently been suggested as an important developmental target for the human brain (Filipek et al, 1994) , with asymmetry being associated with developmental abnormalities . Symmetry in the gyrification index (GI), a measure of the convolution of the cortex, between the hemispheres was noted by Armstrong et al. (1995) . They also observed variations in the GI throughout the post-mortem brain and identified different times of onset of gyrification in different regions of the brain. These are results which could be compared with fractal analysis methods, although they assess the cortex from different viewpoints; the GI is a ratio of surface area of an idealized surface with the actual surface area and the fractal dimension is a direct measure of the surface complexity. Prenatal MR imaging data are unlikely to be available, but the analysis technique presented here would also be suitable for assessing post-mortem data if images of the appropriate form could be generated.
Handedness is a factor which may bias cortical measures (Witelson and Kigar, 1992) , although difficulties arise in defining such a factor clearly and numbers of non-right-handers are often limited. In this study five of the control subjects were classified as non-right-handers but the exclusion or inclusion of their data from the remainder of the control data did not significantly alter the results. The handedness of patients was not assessed routinely, but given the apparent lack of effect in controls this is unlikely to explain any abnormal fractal values in the patients.
The narrow range of values in the fractal dimension within our normal subjects may indicate that the fractal dimension measure is unsubtle in this application. However, the reduction in fractal dimension in the modified white matter objects is of an order comparable to the limits of the normal range, especially for the more central blocks and for the more global modifications. We would argue, therefore, that the narrow range of values for the fractal dimension in these normal subjects indicates the high degree of conformity in the construction of the white matter and, by extension, the cerebrum as a whole.
The finding of abnormal values of fractal dimension in patients with known gyral abnormalities suggests that the fractal measure is discriminating the variations in complexity arising from such abnormalities. In three of these subjects there is a reduction in fractal dimension, consistent with loss of complexity because of smoothing of the cortex in, for example, one subject with clear pachygyria. In one subject with an elevation of fractal dimension in one block this corresponded with a visual impression of increased complexity due to a region of presumed polymicrogyria. In 9/23 patients with no abnormality observed on routine imaging, fractal dimension abnormalities were also found. Some subjects with fractal dimension abnormalities have apparently normal imaging by visual inspection and some subjects with gyral abnormalities observed on imaging have normal fractal dimensions. This suggests, as one would expect, that the fractal dimension is not a complete description of all gyral abnormalities, but also that visual inspection of such a complex structure is unlikely to identify all regions of gyral abnormality.
Our earlier study on two-dimensional images showed only reductions in fractal dimensions in the patient groups studied (Cook et al, 1992, 1995) . In this earlier study a different patient group was studied who had normal two-dimensional imaging and no three-dimensional reconstructions. Given the spectrum of possible gyral abnormality appearances direct comparison of patient groups is difficult without clearly defined dysgenetic groupings. Three-dimensional fractal analysis should in any case give us a more complete description of gyral variations than measures in single slices.
The fractal analysis considered only the white matter surface but the visual abnormalities were determined by inspecting grey and white matter surfaces in the original two-dimensional image data or the grey matter surfaces alone in the three-dimensional reconstructed data. We assume that abnormalities, where present, were manifest in both surfaces, but they may be more obvious in one surface than another and may have different appearances in one surface than another. For example pachygyria, commonly seen as smoothing or reduction of complexity in the grey matter surface, is often associated with polymicrogyria in the white matter surface, which increases surface complexity. Fractal analysis of the grey matter surface may therefore give us additional information, but given the greater variability in segmentation of that surface, as mentioned above, the range of values in control subjects is likely to be much higher, therefore decreasing sensitivity.
Other quantitative studies of cortical convolution have used post-mortem data and have been able to identify the external cortical surface for their measurements (Armstrong et al, 1995) . In our MR images the definition of the external cortical surface is problematic but this can be improved by increased resolution of the images while maintaining signal-to-noise properties to obtain good grey matter/cerebrospinal fluid discrimination. Improvements in MR scanner hardware and acquisition processes should offer these increases in image quality.
The failure of fractal analysis to detect some of the visual abnormalities may be due to the location of the abnormality with respect to the block system used to calculate the fractal values. A fractal abnormality detected within a block may not be detected if it falls across two blocks. Sensitivity and localization would be improved if the fractal measure is estimated for isotropic regions about individual voxels but this is likely to increase computation time.
A small range of measuring scales were investigated, principally because of the increased computational cost of a larger range of scales. However, additional, larger structuring elements may give rise to different fractal dimensions as they assess more of the gross structure of the cortex. This separation of structures into different texture groups has been described by Kaye (1989) in the discrimination of different shaped carbon Cerebral Cortex Nov/Dcc 1996, V 6 N 6 835 black particles. The surface of these objects is not unlike the grey/white matter surface and may offer additional possibilities of separating normal from abnormally convoluted cortex.
The three-dimensional complexity of the white matter surface and overlying cortex make interpretation of variations in complexity difficult from two-dimensional images. The fractal dimension analysis reveals more of the information inherent in such a complex structure.
